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Abstract: Genetic engineering of forest tree species is regarded as a strategy to reduce worldwide pressure on natural for¬ 
ests, to conserve genetic resources and ameliorate stress on global climate, and to meet growing demand for forest wood 
and timber products. Genetic engineering approaches toward the control or management of fungal pathogens, arthropod her¬ 
bivores, bacterial and viral diseases, the use of pest resistance genes, and weed competitors are being studied. Although the 
production of transgenic trees is relatively recent and only a few species have been successfully genetically engineered in 
forest tree species, very useful and valuable information is available on the application of transgenic trees. Genes involved in 
important agricultural traits such as herbicide resistance, insect resistance, and wood quality have been isolated and have 
been used to genetically engineer trees. New technologies of plant molecular biology and genomics now make it possible 
high-efficient genetic improvement of forest trees. Genetic engineering promises to expand greatly the potential for genetic 
manipulation as new genes of commercial interest are discovered and utilized. Lignification is a process essential to the na¬ 
ture and evolution of vascular plants that is still poorly understood, even though it has been studied for more than a century. 
Recent studies on mutant and transgenic plants indicate that lignification may be far more flexible than previously realized. 
Pines with a mutation affecting the biosynthesis of the major lignin precursor, coniferyl alcohol, show a high level of an un¬ 
usual subunit, dihydroconiferyl alcohol. It is also unusual as a plant polymer in that there are no plant enzymes for its degra¬ 
dation. These results have significant implications regarding the traditional definition of lignin, and highlight the need for a bet¬ 
ter understanding of the lignin precursor biosynthetic pathway. In this review, we describe the progress made recently in ge¬ 
netic engineering of forest tree species. 
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culture medium. Somatic embryogenesis is preferred to 
conifer species and it is a process mimicking zygotic em¬ 
bryogenesis. Structures similar to zygotic embryos, called 
somatic embryos, are formed on explants cultured on ade¬ 
quate tissue culture media. These methods allow the rapid 
multiplication in vitro of any particular genotype that can be 
submitted to genetic transformation procedures (Huang ef 
at. 1991; Huang and Tauer 1998). 

For application of genetic engineering to trees, two 
methods are used mostly depending on the species to be 
transformed (Charest and Michel 1991). The first method, 
which makes use of the property of the pathogenic bacte¬ 
rium Agrobacterium tumefaciens to transfer part of its DNA 
contained on a tumor inducing (Ti) plasmid to infected 
plant cells, is referred to Agrobacterium-me6\ate6 trans¬ 
formation and is used with angiosperm trees such as pop¬ 
lars and aspens for production of transgenic trees (Confa- 
lonieri ef al. 1994; De Block 1990; Feuillet ef at. 1995; Fil- 
latti et al. 1987; Howe ef al. 1994; Kiopfenstein ef al. 1991; 
Miranda Brasileiro 1991; 1992; Tsai et al. 1994). The sec¬ 
ond method, which is based on brute force to propel mi¬ 
croprojectiles coated with DNA into a plant, is referred to 
as microprojectile-mediated DNA delivery and it is the only 
method that has up to now yielded reproducibly transgenic 
conifers (such as white spruce and black spruce) (Ellis et 
al. 1993; Charest and Duchesne 1995). The combination 
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Introduction 

The forest resource is extremely important for both de¬ 
veloped and developing country's economy and significant 
investment is being made in the new biotechnology to in¬ 
crease overall managed forest productivity. Emphasis up 
until now has been on the development of routine tech¬ 
niques for the introduction of genes into tree species but 
research efforts are moving into the engineering of com¬ 
mercial traits such as those involved in wood quality and 
pest tolerance. Tree genetic engineering is dependent 
upon the availability of tissue culture protocols allowing 
whole plant regeneration from isolated pieces of tissues 
and on the availability of DNA transfer methods permitting 
the modification of the host genome. At present, tissue 
culture routes that are widely used are organogenesis and 
somatic embryogenesis. Organogenesis is the method of 
choice for species such as poplar and aspen and consists 
of plant regeneration through organ formation on an ex¬ 
cised piece of plant tissue cultured on the proper tissue 
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of the proper tissue culture protocol with a suitable genetic 
transformation is essential for recovery of transgenic trees 
and introduction of genes involved in important silvicultural 
traits. As a general trend, gymnosperms are more difficult 
to engineer than angiosperm trees. Although genetic engi¬ 
neering of forest trees is still a new discipline and very little 
has been done on environmental impact assessment prior 
to the release of transgenic trees, most plant studies on 
environmental releases which have targeted crops (Burke 
et al. 1994; Kjellsson and Simonsen 1994) could be valu¬ 
able to forest trees. These results will be especially useful 
for angiosperm trees such as poplar and aspen because 
all crop plants studied are angiosperms and fundamental 
biological similarities exist between these two classes of 
plants. Excellent transformation protocol and strategy (Fig. 
1) are available for genetic engineering of gymnosperm 
forest tree species and angiosperm forest tree species 
(Birth 1997). 



Fig. 1 Strategy to establishment of transformation systems 
for recalcitrant plant species 

Lignin is conventionally defined as a complex hydropho¬ 
bic network of phenylpropanoid units derived from the oxi¬ 
dative polymerization of one or more of three types of hy- 
droxycinnamyl alcohol precursors. There are arguments in 
favor of an increased potential for genetic modification of 
lignin and indicate that our knowledge of the biosynthesis 
of lignin is far from complete. Lignin is unusual compared 
to other abundant natural polymers due to the low degree 
of order and the high degree of heterogeneity in its struc¬ 
ture. Exploring the lignin biosynthetic pathway with genetic 


engineering technology can provide novel information to 
plant molecular biology and biochemistry community. In 
the present review, genetic engineering of gymnosperm 
forest tree species, genetic engineering of angiosperm 
forest tree species, interactions between transgenic trees 
and environments, and lignin biosynthetic regulation of 
forest tree species are discussed. 

Genetic engineering of gymnosperm tree species 

A successful genetic transformation method for gymno¬ 
sperm forest tree species, especially conifers, is essential 
to access the improvements that can be achieved through 
genetic engineering technology. Study and use of poten¬ 
tially beneficial foreign genes in conifers is blocked be¬ 
cause there is no efficient method for obtaining trans¬ 
formed plants from transformed conifer cells and tissues. 
DNA transfer using the biological vector Agrobacterium is 
still the most cost efficient and reliable method of transfor¬ 
mation for plants. Transformation technology which uses a 
hypervirulent strain of Agrobacterium and the unique de¬ 
velopmental properties of the shoot apical meristem for 
direct plant regeneration from the shoot apex, was recently 
developed, which has been used to obtain transformed 
plants of several recalcitrant crop species, and is adopted 
for conifers to transfer drought-inducible genes which have 
isolated from loblolly pine and salt brush. This will be use¬ 
ful to understand the role and function of these genes in 
conifers relative to drought tolerance, and to determine 
effectiveness of drought tolerance to commercial southern 
pine species. 

Agrobacterium-med\ated transformation method based 
on shoot apex inoculation is being used to produce trans¬ 
formed plants of loblolly and Virginia pines. The Agrobacte¬ 
rium tumelaciens EHA101, containing the pTiBo542 viru¬ 
lence plasmid and the kanamycin sensitive derivative, 
were used. The influence of CaMV 35S promoter and the 
RbcS promoter that drive uidA (GUS) on gene expression 
efficiency is investigated. Plants of loblolly and Virginia 
pines have been recovered and analyzed. Differential tis¬ 
sue specific GUS activity was conferred by these promot¬ 
ers indicative of genomic incorporation of uidA. Sequences 
unique to both transferred genes uidA and nptll were am¬ 
plified by PCR in the DNA of recovered plants, and se¬ 
quences specific to Agrobacterium (virG) were not ampli¬ 
fied, indicating the plant DNA was not contaminated with 
Agrobacterium or plasmid DNA. Preliminary Southern blots 
of genomic DNA from recovered plants show bands with 
homology to uidA in high molecular weight DNA indicative 
of integration into a plant chromosome of stable transfor¬ 
mation (Charest and Duchesne 1995). 

Genetic engineering technology is related to gene isola¬ 
tion and genetic manipulation, genetic mechanisms under¬ 
lying plant development and metabolism, and molecular 
defense mechanisms in plants. Large amount of re¬ 
searcher are conducting basic research to enhance our 
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understanding of biological processes in plants and to ap¬ 
ply newly developing biotechnologies to facilitating genetic 
improvement or improving production systems to better 
utilize agricultural and natural resources. Research em¬ 
phasis is to explore the molecular mechanisms controlling 
plant development and regeneration based on somatic 
embryogenesis and organogenesis. Currently, gene ex¬ 
pression during cell differentiation and plant regeneration 
and identification and understanding of regulatory genes 
will allow us to develop better regeneration systems for 
plant regeneration in vitro. The engineering of reproductive 
sterility in trees is another valuable research area. Sterility 
in trees may result in increased productivity of wood as 
well as stopping dispersal of transgenes via pollen and 
seeds. An efficient transformation system for loblolly pine 
using gene gun and Agrobacterium, which will be used to 
study metabolic engineering of useful product biosynthesis 
for enhanced production through both cellular and molecu¬ 
lar approaches, is being investigated. In addition, molecu¬ 
lar defense mechanisms in trees and to identify novel 
genes and gene products will help plants defend them¬ 
selves (Huang and Tauer 1998; Wenck etal. 1999). 

Transformed Pinus radiata is a model of transformation 
of forest tree species. In New Zealand Pinus radiata D. 
Don, a conifer originally introduced from California, has 
been used for a century to meet some of these objectives, 
such as to produce large pruned and to use for pulp or 
reconstituted fiber products. Pine forests, which occupy 
only 4.5% of the land area of New Zealand, accounted for 
most of the domestic demand for forest products, as well 
as providing 13.5% of export earnings (NZ$ 2.6 billion) in 
the year to March 1994. This is a result of a climate which 
benefits tree growth, as well as innovative management 
and tree improvement practices. Conventional tree breed¬ 
ing technologies, such as control pollination, mass vegeta¬ 
tive propagation from seedling stool beds, and 
micropropagation have been developed at NZ FRI and 
have been shown to have economic impact. Approximately 
400 000 ha of the 1.3 million ha radiata pine estate in New 
Zealand is now established with genetically improved trees. 
Conventional breeding technology has led to the 
recombination of a wide spectrum of genes rather than 
specific alterations in only the trait of interest. 
Consequently, genetic improvement through molecular 
techniques has been considered for this species and other 
conifers. The New Zealand Forest Research Institute has 
been researching embryogenic tissue culture methods for 
Pinus radiata and other conifers for several years. The 
group, headed by Dale Smith, has been successful in 
developing reliable methods to regenerate plants by 
somatic embryogenesis from all families tested. Protocols 
for somatic embryogenesis of Pinus radiata developed 
have demonstrated the production of "seedlings" capable 
of normal growth under forest conditions. Experience over 
a number of years has shown that for control-pollinated, 
families, on average 30%-35% of the megagametophyte 
explants will produce embryogenic cell lines. The best 


bryogenic cell lines. The best family gave an 87% re¬ 
sponse, the worst 13.6%. Between 26% and 32% of the 
embryogenic clones formed viable plants. Conversion of 
somatic embryos to plants ranged from 37% to 100%, with 
an overall average of 73% (Walter et at. 1998; 1999). 

Transformation technology has been developed to intro¬ 
duce novel traits into clonal material, with the ultimate aim 
of making trees resistant to herbicides, insects, or other 
pathogens, and for introducing other desired traits. Trans¬ 
formation protocols using Agrobacterium or direct gene 
transfer methods have been established for various coni¬ 
fers, transgenic plants of Pinus radiata has been published 
(Walter et al. 1998; 1999). A molecular biology program 
which uses mapping and fingerprinting technology will en¬ 
sure the genetic identity of the material and may allow 
identification of superior material on a molecular basis. In 
particle bombardment experiments, equal amounts of dif¬ 
ferent expression constructs were coated onto gold parti¬ 
cles. Significant differences in expression were observed, 
indicating a preference of the Pinus radiata expression 
system for certain controlling elements. Generally, the 
cloning of the Kozak consensus sequence around the ATG 
start codon increased the expression approximately 2.5- 
fold, regardless of whether the CaMV 35S or the double 
CaMV 35S promoter sequence was used. The Kozak se¬ 
quence is regarded as an optimal binding site for the ribo¬ 
some to start translation and our results show it is also 
effective in Pinus radiata. As in other plant transformation 
experiments, the double CaMV 35S promoter increased 
the expression strength over the single 35S promoter (Wal¬ 
ter etal. 1998; 1999). 

More than 40 geneticin resistant embryogenic lines were 
propagated for molecular analysis and plant regeneration. 
PCR results demonstrated the presence of the gus and the 
nptll reporter genes in those transformed cells, and em¬ 
bryos continued to grow and mature on selective media an 
expressed gus more than 8 months after transformation. 
Mature embryos from several separate transformation 
events using different clones of embryogenic tissue, were 
germinated and planted in soil. They are currently being 
grown-on for phenotypic analysis. Southern blot assays 
were carried out to confirm the integration of the introduced 
genes into the genome of Pinus radiata lines. One to five 
copies of the npt II gene were detected in the lines tested 
so far, and no tandem arrangements have been observed 
(Walter et al. 1998; 1999). The ability to transform and 
subsequently regenerate Pinus radiata has been demon¬ 
strated the capacity to introduce new traits into radiata pine 
as well as commence studies on developmental regulation 
of genes. In the future, the ability to alter the developmen¬ 
tal regulation of genes and to influence developmental 
pathways may allow us to improve the yield of plantations 
through modification of cone development, wood formation, 
and other traits. 
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Genetic engineering of angiosperm forest tree 
species 

Poplars are almost exclusively separate male and female 
trees and thus are potential for wide distribution of both 
pollen and seeds enable long distance gene dispersal. 
Therefore, poplars do not produce seed banks. In addition, 
competition from herbaceous weeds soon after germina¬ 
tion precludes or greatly reduces survival. For aspens on 
upland or northern temperate to boreal sites, successful 
seedling establishment usually requires fire or a compara¬ 
ble intensive disturbance that exposes mineral soil and 
reduces competition. Because of the stringent conditions 
for reproduction by seed, vegetative reproduction is often 
more common than sexual reproduction for local disper¬ 
sion. All poplars tend to sprout vigorously from stumps 
after trees are cut or fall from natural causes. Thus, geno¬ 
types can persist on sites for long time periods beyond the 
longevity of single trees (Mitton and Grant 1996). In addi¬ 
tion, other tissues can sen/e as effective vegetative 
propagules. However, when wild stands are small com¬ 
pared to hybrid plantations, introgression may be observed 
after long periods of time, as has been detected at low 
levels among wild stands of P. nigra in Europe (Arens et al. 
1998; Winfield et al. 1998). 

The amenability of poplars to transformation via Agro¬ 
bacterium (Han et al. 1996) and the possibility of map- 
based cloning because of their small genomes (Bradshaw 
1996) make genetic engineering for pest resistance and 
other traits feasible. A large number of genome markers 
and marker technologies are available for genome analysis. 
Transgenic elite clones require limited field testing and can 
be rapidly deployed without further breeding to stabilize 
transgenic traits. There is likely to be strong resistance of 
wild poplar stands to significant introgression from planta¬ 
tions due to the combination of poplar traits such as de¬ 
layed flowering, tree longevity, vegetative persistence, ex¬ 
tensive wild stands, dilution of plantation-derived 
propagules by those from wild stands, stringent habitat 
requirements, and inability to establish under existing 
vegetation. Thus, except when a gene is employed that 
has a dramatic impact on tree fitness in the wild, the im¬ 
pacts of pest resistance genes are expected to be local¬ 
ized and slight for many decades. In the future, however, if 
transgenic trees become prominent in the landscape com¬ 
pared to wild stands and large areas become suitable for 
regeneration through natural or human causes, then ge¬ 
netic impacts could be more substantial and rapid. How¬ 
ever, under near-term conditions, risk assessment and 
ecologically based analyses can focus on the conse¬ 
quences of new stands established very close to planta¬ 
tions and on the effects of numerically rare long-distance 
gene flow. 

Disease is believed to be the most important factor limit¬ 
ing adoption and productivity of poplar plantations (Royle 
and Ostry 1995). Poplars are susceptible to many patho¬ 


gens (Newcombe et al. 1996), and intensive culture has 
triggered changes in pathogen populations. Changes in 
North America have included the introduction of Eurasian 
pathogens (Newcombe et al. 1996), the movement of re¬ 
gional pathogens within North America (Newcombe 1998; 
Newcombe and Callan 1997), and hybridization between 
exotic and native species of the leaf rust pathogen 
Melampsora. Leaf rust is the most important disease of 
Populus worldwide. Host resistance has been the only 
widespread and economical control method for which both 
pathotype-specific and non-specific types of resistance are 
known (Newcombe et al. 1996). Exotic species of Populus 
are frequently resistant to native pathogens (Newcombe 
1998), and resistance is often simply inherited in FI inter¬ 
specific hybrids. Genome analysis methods have allowed 
mapping of the genes for resistance to races El, E2, and 
E3 (Cervera et al. 1996) and the Mmdl gene for resistance 
to Melampsora medusae (Newcombe et al. 1996). The 
Mmdl gene is expected to be physically isolated and 
transformed into a susceptible genotype in the near future, 
demonstrating the feasibility of genetically engineering 
disease resistance using native genes. The prospect of 
attempts to increase resistance using heterologous genes 
having broad and durable effectiveness against major 
pathogens, without negative effects on fitness, appears 
remote using current and foreseeable technology. These 
transgenes therefore do not appear to have the potential to 
significantly impact poplars in wild systems via introgres¬ 
sion of transgenes. Moreover, transgenes that might give a 
useful degree of resistance in a well-tended genetic mono¬ 
culture such as a clonal plantation are unlikely to be com¬ 
parably important to pathogen resistance in genetically and 
environmentally diverse wild populations. Simple altera¬ 
tions in expression of native poplar or pathogen genes, 
such as by inducing constitutive overexpression or co¬ 
suppression, were also considered unlikely to be of signifi¬ 
cant ecological consequence. The transfer of unmodified 
resistance genes between Populus species is common¬ 
place in conventional poplar breeding and should bring 
about similar risks if accomplished via gene isolation and 
genetic transformation. This should apply equally to leaf 
rust (Newcombe et al. 1996) and other diseases of Popu¬ 
lus. 

Insect damage is a major limitation to plantation viability 
and productivity in many regions (Strauss et al. 1998). Cur¬ 
rently, the primary control method uses pesticides rather 
than resistant genotypes. Genetically based resistance is 
known but is often either incomplete or would require major 
alterations of breeding programs to accommodate, such as 
the use of different species as hybrid parents, with a con¬ 
sequent reduction in genetic improvement of other traits. 
The cottonwood leaf beetle is the major pest of poplars in 
the United States and is believed to be largely restricted to 
poplars and other species in the same family. The crylllA 
toxin from Bt ( Bacillus thuringiensis) is highly toxic to some 
insects when applied topically or expressed in transgenic 
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poplars (Strauss et al. 1998). Lepidopter and efoliators are 
episodically significant, many have broad host ranges (e.g., 
gypsy moth and forest tent caterpillar), and most are sensi¬ 
tive to CrylA Bt toxins (Kleiner et al. 1995). Wood borers 
of several taxa can be important pests in specific areas; 
because they are hard to be reached with topical pesti¬ 
cides, the use of transgenes could be an important control 
option. Insect damage in wild stands is sporadic in space 
and time though rarely results in genotypic mortality be¬ 
cause of poplar resprouting capability. Thus, invasion of 
established stands by progeny of insect resistant trans¬ 
genic trees is expected to be very slow. Field trials of 
transgenic poplars with beetle and caterpillar-active Bt 
transgenes are underway in several areas (Ellis and Raffa 
1997; Leple et al 1992; Strauss et al. 1998), most notably 
China, France, and the northwestern United States. Other 
than Bt, work with alternative insect resistance transgenes 
has been limited. Proteinase inhibitors expressed in pop¬ 
lars have given either modest levels of resistance or none 
at all (Leple et al. 1995; Confalonieri et al. 1988) and thus 
do not appear to be under consideration for commercial 
use. Genes with different modes of action, but as effective 
as Bt against poplar pests, are unknown. 

The most important consideration when using Bt trans¬ 
genes is the significant potential for development of Bt- 
resistant insect biotypes if the extensive transgenic poplar 
plantations are established without accompanying resis¬ 
tance management considerations (Raffa 1989). High lev¬ 
els of resistance have readily been bred in laboratory colo¬ 
nies under Cry3A selection. For most poplar plantations, 
wild stands are expected to provide large refugia that can 
slow resistance development and may obviate the need for 
planted refugia. However, the role of natural stands in the 
dispersal and mating behavior of target pests in areas 
where transgenic trees are being deployed should be stud¬ 
ied. The working group considered that the potential for 
resistant biotype development from plantation use was a 
far greater concern than the risk of Bt transgenes providing 
a significant fitness advantage in wild trees after introgres- 
sion. Sterility or other strategies for stringent gene con¬ 
tainment were therefore not viewed as essential for use of 
pest resistance transgenes. 

High levels of weed control for the first one to three 
years are essential for obtaining high rates of survival and 
tree growth in poplar plantations (Tuskan 1998). Plantation 
managers in many parts of the US believe that herbicide 
resistance (HR), particularly to glyphosate, can significantly 
reduce weed management costs and increase tree growth 
by providing more effective weed control and increasing 
moisture availability to trees. Because of the common use 
of poplars as windbreaks between agricultural fields and 
the future iikelihood of their increased use for biofiltration 
plantings near streams in agricultural areas, HR poplars 
resistant to spray drift may be important components of 
agroecosystems dominated by glyphosate tolerant crops. 
Transgenic poplars with high levels of field resistance to 


glyphosate and phosphinothricin herbicides have been 
demonstrated in field trials (Strauss et al. 1998). If trans¬ 
genes are allowed to spread via seed, sprouting of HR 
poplars could complicate their control (Strauss etal. 1995). 
In some systems, poplars are considered "mild" weeds; 
examples include perennial crops (e.g., conifers),rights of 
way, and drainage ditches. Spread of HR trees would re¬ 
move certain herbicides as control options, which could be 
an important loss in systems that must rely on one or few 
herbicides for control. HR trees also may complicate plan¬ 
tation management in significant ways, such as making 
the" volunteers" from seed produced in flowering stands 
more difficult to control in regenerating stands and requir¬ 
ing use of other chemicals forkilling resprouts from stumps 
after harvest. 

Poplars and other trees present substantial difficulties for 
extrapolating from small trials to large-scale effects for 
several reasons: 1) The scale of potential impact of trans¬ 
genic poplars is large because of their extensive dispersal 
of pollen and seed; 2) Nearly all pre-commercial field trials 
do not permit trees to flower to avoid environmental re¬ 
lease of transgenes, limiting opportunities for study of 
transgene movement and impact on a small scale; 3) Be¬ 
cause of the large size of trees and the need to study their 
growth over several years, tests using trees are costly in 
space and time. As a result, most trials are smaller than is 
optimal for obtaining information relevant to commercial 
use and for assessing ecological impacts; trials are of 
shorter duration than commercial releases; 4) Significant 
impacts due to gene escape can accrue in poplars and 
other forest trees over multiple generations. Therefore, risk 
assessments are required that span decades to hundreds 
of years and use complex predictive models, which are 
necessarily speculative and imprecise. 

Interactions between transgenic trees and envi¬ 
ronments 

To insure the commercial use of transgenic trees, strong 
considerations must be given prior to potential effects of 
the release of transgenic trees into the environment. Infor¬ 
mation obtained with crop plants is not necessarily appli¬ 
cable to tree species and the two major factors that have to 
be taken into account are the long lifecycle and the pres¬ 
ence of wild populations of commercial forest trees. The 
potential risks that have to be evaluated are: i. develop¬ 
ment of weediness in transgenic trees (in particular, with 
poplar and aspen species); ii. Gene transfer to wild popula¬ 
tions (sometimes called genetic pollution); iii. emergence of 
new pests when insect resistant transgenic trees are de¬ 
ployed; iv. development of target pests resistant to engi¬ 
neered resistance mechanism in trees; v. deleterious effect 
on the ecosystem by disturbance of ecological chain; and, 
vi. genetic erosion of the wild population of trees due to 
uncontrolled gene flow from the engineered population. 
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The main difference with short-lived crop plants in 
evaluating the risks is the potentially more profound effect 
of long living transgenic trees on the environment. This has 
direct impact on increasing selective pressures on other 
organisms associated with transgenic trees. Although the 
risk evaluation is on the trait that has been genetically en¬ 
gineered, the deployment strategy will be a major factor on 
the potential environmental impact. Several strategies can 
be used to minimize or eliminate risks for large-scale re¬ 
lease of transgenic trees (Raffa 1989): i. Plantation of mo¬ 
saics of engineered and non-engineered trees; ii. Introduc¬ 
tion of multiple resistance genes in the case of engineering 
for pest tolerance; iii. Integration with other silvicultural 
practices; iv. Temporal and tissue-specific expression of 
engineered characters; v. male, female or both flower ste¬ 
rility to contain gene flow to wild populations; and, vi. Moni¬ 
toring of transgenic tree plantations and surrounding for¬ 
ests. 

Although almost no directly relevant information is avail¬ 
able for trees species, studies on gene flow in natural 
populations and on basic biology and ecology will contrib¬ 
ute significantly to environmental impact assessments of 
transgenic trees. The Plant Protection Act and the Pest 
Control Product Act are applicable to transgenic trees pre¬ 
senting a potential danger to other plants (weediness) and 
to transgenic trees genetically engineered for pathogen 
resistance in Canada, respectively. Forest tree species 
have very different biology than most crop plants, the dif¬ 
ferences with crop plants common to both classes of trees 
are associated to their long life cycle and to the fact that 
they are rarely grown as monocultures. This implies that 
their interaction with the environment is more pronounced. 
Furthermore, most commercial trees grown are also pre¬ 
sent in natural ecosystems, meaning that gene flow can 
occur between artificial and natural populations of trees. 
Additionally, several species can cross-hybridize within the 
same genus, complicating the potential patterns of gene 
flow from transgenic trees. With gymnosperms, differences 
are related to their position in the evolutionary scale. These 
plants are considered ancestors of crop plants. Conse¬ 
quently, gene structure and function could be different in 
this class of plants but studies on gymnosperm genes pub¬ 
lished until now indicate that most genes are conserved 
with angiosperms genes showing a high degree of protein 
and DNA sequence homology. Another difference is that 
conifers have a complex reproductive cycle (up to 2 years 
for pines), which has implications related to monitoring and 
containment of transgenic trees. 

With most of these species, only marker genes to con¬ 
firm transformation were introduced into the host genome; 
however, traits such as insect resistance (McCown et al. 
1991; Ellis et al. 1993), herbicide resistance (Fillatti et al. 
1987; Miranda Brasileiro et al. 1992), bioremediation po¬ 
tential (Stomp et al. 1993), and modification of wood qual¬ 
ity (Dwivedi et al. 1994; Feuillet et al. 1995) have been 
targeted. The genes for these traits were isolated from 


crop plants and other possibilities are being explored. Sev¬ 
eral groups now are working on the isolation and charac¬ 
terization of genes fromtrees that are involved in important 
silvicultural traits (Charest and Duchesne 1995). At present, 
different traits of forest trees which are engineered are: 1) 
Flerbicide Resistance (Fillatti et al. 1987; Miranda Bra¬ 
sileiro et al. 1992); 2) Insect Pest Tolerance (Braun et al., 
1991; Raman and Altman 1994); 3) Bacterial Disease Re¬ 
sistance (Casteels et al. 1989; Anzai et al. 1989); 4) Fun¬ 
gal Disease Resistance (Comelissen and Melchers, 1993); 
5) Viral Disease Resistance (Fitchen and Beachy, 1993); 6) 
Fleavy Metal Resistance (Stomp et al. 1993); 7) Modified 
Growth (Klee and Romano, 1994; Kurioka et al. 1992); 8) 
Flower Sterility (Mariana et al. 1991; DeBlock and De- 
brouwer 1993); 9) Frost Tolerance (Georges et al. 1990); 
10) Drought Tolerance (Bartels et al. 1992); 11) Wood 
Quality Modification (Dwivedi et al. 1994; Kajita etal., 1994; 
Feuillet et al. 1995). At present, emphasis of tree genetic 
engineering is on insect pest tolerance, fungal disease 
tolerance, flower sterility, and wood quality modification. 
Flower sterility is of particular interest because it can be 
used as a containment measure for gene flow from trans¬ 
genic trees. Applications of genetic engineering in forestry 
will undoubtedly occur first in intensively managed planta¬ 
tions (high-value forestry), in seed orchards and for horti¬ 
cultural species because of the investment required for the 
production of this elite material. 

Lignin biosynthetic regulation of tree species 

Forest trees are one of the world’s most important natu¬ 
ral resources. As crop plants, they are In the earliest 
stages of domestication, and much of our wood is still har¬ 
vested from natural forests. Until now, the types of genetic 
changes that made possible the domestication of agricul¬ 
tural crops have not been possible for trees because hun¬ 
dreds or thousands of generations are required for selec¬ 
tion. Lignin biosynthesis is very important in the growth, 
development, and wood formation in forest trees. Phy- 
droxyphenyl, guaiacyl, and syringyl subunits are the pre¬ 
cursors, and they are derived from phenylalanine by 
deamination, followed by hydroxylation of the aromatic ring, 
methylation, and the reduction of the terminal acidic group 
to an alcohol. These alcohols have long been thought to be 
the direct precursors for lignin (monolignols). The lignin 
precursors can radically couple at several sites with each 
other, or, more frequently, with the growing lignin oligomer, 
to produce a complex polymer with a variety of intermo- 
lecular linkages (Sederoff et al. 1999; Compbell and 
Sederoff 1996). At least 20 types of linkages have been 
described, and it is likely that many more are present in 
low proportions. Fiere, we focus on a mutation in the last 
step of the precursor pathway: the formation of the mono- 
lignol coniferyl alcohol from conifer aldehyde. This step is 
catalyzed by the enzyme cinnamyl alcohol dehydrogenase 
(CAD; EC 1.1.1.195) encoded by a single gene in loblolly 
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pine (Sederoff et al. 1999; Compbell and Sederoff 1996). 
The discovery of a recessive mutant allele of the cad gene, 
cad-nl, in loblolly pine has permitted the study of pines 
with severe deficiencies of CAD enzyme (Ralph et al. 
1997). The secondary xylem (wood) in cad-nl homozy¬ 
gous seedlings acquires a brown color, very distinct from 
the nearly white color of wild-type pine wood . CAD defi¬ 
ciency causes dramatic changes in the accumulation and 
nature of soluble phenolics; it also alters the structure of 
the lignin polymer that is deposited in the cell wall. The 
color and many of the changes in wood chemistry are simi¬ 
lar to those observed in transgenic plants and in brown 
midrib mutants with suppressed CAD activity (Sederoff et 
al. 1999). It is believed that the observed variation in com¬ 
position and structure of lignin is still best explained by 
variation of the monolignol precursors and their abundance 
in the lignifying zone. The plasticity in lignin composition 
reveals new potential that extends beyond the traditional 
monolignol pathway for modification of the polymer by ge¬ 
netic engineering. Structural information has long been 
used to guide the search for underlying mechanisms for 
important biological processes. The combination of current 
methods of structural chemistry, biochemistry, cell biology 
and genetics which will be valuable to elucidate the nature 
and origin of the lignin polymer. 

Genetic engineering provides the opportunity to make 
such changes through gene transfer in a matter of years, 
rather than centuries. An antisense construct for a gene in 
the lignin pathway can greatly reduce lignin, increase cellu¬ 
lose, and dramatically stimulate growth was reported in 
transgenic aspen (Hu et al. 1999). Such changes could be 
important in tree domestication and could ultimately lead to 
trees that are profoundly different from their current undo¬ 
mesticated progenitors, because of fast-growing, low-lignin 
trees could provide significant practical benefits. Removal 
of lignin from the wood cell walls is the most energy inten¬ 
sive and environmentally damaging step in wood process¬ 
ing for pulp and paper, so reducing the lignin content in 
trees could provide both economic and environmental 
benefits. Even more importantly, any increase in efficiency 
that allows production of more wood and wood products 
from less land helps conserve natural forests and reduces 
the environmental impact of processing wood into pulp and 
paper. Tree growth and wood formation can be manipu¬ 
lated by modifying the biosynthesis of lignin and cell wall. 
Previous attempts to modify lignin by mutation or suppres¬ 
sion of enzymes in the pathway for monolignol biosynthe¬ 
sis have resulted in striking changes in lignin composition, 
but usually with no effect on lignin content. The 4CL en¬ 
zyme is also the phenylpropanoid precursor for flavonoid 
biosynthesis and constitutes a branch point between fla- 
vonoids and lignin. In the study on transgenic aspen, an 
antisense construct was expressed to downregulate the 
gene for the xylem form of 4CL, and demonstrated a pro¬ 
found effect on wood composition and tree growth: At 10 
months of age, the transgenic aspens contained up to 45% 


less lignin and as much as 15% more cellulose than non- 
transgenic aspens; and the growth of the transgenic as¬ 
pens was substantially enhanced. The composition of lig¬ 
nin and the cellular morphology were unchanged (Hu et al. 
1999). These results raise interesting issues concerning 
the regulation of the lignin biosynthetic pathway and the 
formation of the secondary cell wall. Moreover, the trans¬ 
genic trees show other changes in wood composition that 
reveal a link between the different biosynthetic pathways 
for the major components of the wood cell wall. The inter¬ 
relatedness of these responses indicates important mo¬ 
lecular interactions that have yet to be defined. Most in¬ 
triguing is the enhanced growth of the transgenic trees. 
The fact that the extent of growth enhancement was not 
directly correlated with lignin content prompted the authors 
to propose that other pathways other than lignin biosynthe¬ 
sis may be involved. The absence of an explanation for the 
effect of reduced lignin on growth does not detract from its 
potential impact as a possible way for controlling growth 
and development in trees. These results further support 
the view that the potential for modifying wood properties 
through genetic engineering (Sederoff etal. 1999). 

Conclusion 

Although significant pogress has been made in genetic 
engineering of forest tree species, the most important re¬ 
search area identified was; 1) The continued acquisition of 
highly effective pest resistance genes; 2) Engineered steril¬ 
ity systems which would simplify scientific regulatory as¬ 
sessments; 3) Modification of lignin biosynthesis; 4) Re¬ 
productive biology, particularly rates of gene flow through 
pollen, seed, and vegetative spread; and 5) Avoid some 
important agronomic factors that would impact plantation 
management. Too little is known about the impacts of her¬ 
bivores and diseases in wild populations, the nature and 
genetic variation of resistance mechanisms, and the way in 
which changes in resistance genetics might directly and 
indirectly affect species interactions and ecosystem proc¬ 
esses. Information is needed on the broader impacts of 
transgenic trees to help society and government assess 
their socioeconomic and environmental importance. What 
degree of economic and environmental values are ex¬ 
pected in the medium term on farm, landscape, and re¬ 
gional levels for trees with multiple functional transgenes 
such as herbicide resistance, insect resistance, sterility, 
and disease resistance. If these transgenic technologies 
are used wisely, the economies they provide farmers and 
industries may significantly increase the representation of 
forest trees in agroecosystems in place of annual crops, 
with multiple environmental benefits. 
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